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Molecular dynamics simulations predict a giant electrocaloric effect at the ferroelectric-antiferroelectric phase boundary
in PZT (PbTiO3-PbZrO3). These large-scale simulations also give insights into the atomistic mechanisms of the elec-
trocaloric effect in Pb(ZrxTi1−x)O3. We predict a positive electrocaloric effect in ferroelectric PZT, but antiferroelectric
PZT exhibits a negative to positive crossover with increasing temperature or electric field. At the antiferroelectric-to-
ferroelectric phase boundary we find complex domain patterns. We demonstrate that the origin of giant electrocaloric
change of temperature is related to the easy structural response of the dipolar system to external stimuli in the transition
region.
The electrocaloric effect is a reversible temperature change
(∆T ) in materials under adiabatic conditions in response to
applied electric (or magnetic) field. The discovery of a giant
12 K electrocaloric effect (ECE) in thin films of Zr-rich lead
titanate compositions fuelled interest into the development of
novel ferroelectric-based ECE materials1.
Giant and moderate ECE’s have since been reported for
classical ferroelectrics like BaTiO32 and for several relaxor
materials3. Pb(Zr1−xTix)O3 (PZT) is a disordered solid solu-
tion ABO3 perovskite, with Pb atoms occupying the A-site,
and Ti and Zr cations randomly arranged among the B-sites.
PbTiO3 (PTO), the x=0.0 end member of Pb(ZrxTi1−x)O3,
is a classical ferroelectric (FE), and the other end member
PbZrO3 (PZO) (x=1.0) is antiferroelectric (AFE). Near x=0.95
there is a phase boundary that separates AFE and FE phases4.
Pb(Zr1−xTix)O3 (PZT) remains an active area of research for
novel ECE materials5,6. The response of PZT to the applied
electric field in the transition region between its ferroelectric
and antiferroelectric phases is of particular interest since a gi-
ant electrocaloric response has been found experimentally for
compositions close to this region1. Studies of electrocaloric
response of AFE Pb0.97La0.02(Zr0.95Ti0.05)O3 have provided
an insight into a mechanism for the negative electrocaloric re-
sponse. Authors suggested that misaligning of non-collinear
dipoles provides different entropy contribution depending on
the direction of the applied electric field 7.
Several theoretical works discuss caloric effects in per-
ovskites. Large electrocaloric effects have been observed in
the vicinity of ferroelectric-paraelectric phase transition, how-
ever, little is known about the ECE near AFE-FE phase bound-
ary. Recent work with effective Hamiltonians reveals a strong
potential of electrocalorics for thin PZO films with FE and
AFE phase competition8. Phenomenological modelling for
an AFE system predicted the negative electrocaloric effect in
PZO ceramics, which agrees well with direct measurements
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of the EC temperature change in this system9.
Molecular dynamics (MD) methods, using shell model po-
tentials fit to first principles calculations, are promising mod-
els for computing the thermal behaviour of materials, since
they do not require assumptions about the important degrees
of freedom. Such models have been used to study ECE in
LiNbO3, PMN-PT, and BaTiO310–12. These simulations pro-
vide insight into the universal principles related to optimal op-
erating temperature for the electrocaloric effect.
In this work we studied the effects of composition on elec-
trocaloric properties of PZT using large scale MD simulations
with first-principles based shell model potentials13. We mod-
elled a wide range of ferroelectric and antiferroelectric com-
positions of Pb(ZrxTi1−x)O3. We found that the electrocaloric
response of PZT correlates with the type of ferroelectric or-
der and that a giant electrocaloric response exists at the phase
boundary of PZT, where antiferroelectric and ferroelectric or-
der coexist.
To model the electrocaloric properties of PZT we use a
core-shell force field, which includes all degrees of freedom.
This ab initio based interatomic potential reproduces a set of
temperature and composition induced phase transitions char-
acteristic of Pb(ZrxTi1−x)O313. The potential model under-
estimates the Curie temperatures with respect to experiment
for PbTiO3 (600 K versus 750 K4) and PbZrO3 (400 K ver-
sus 507 K9), which is a reasonable error for this type of force
field.
A set of Pb(ZrxTi1−x)O3 compositions were modelled using
the DL_POLY code14. We study AFE and FE compositions
with x equal to 0.5, 0.9, 1 (corresponds to AFE PbZrO3), to-
gether with x=0 (that corresponds to FE PbTiO3), 0.7, 0.8,
0.85, 0.95 shown in Supplementary Information (SI). The B-
site cations, Ti and Zr, were randomly distributed over the
B-sites. We use the adiabatic shell model (also known as dy-
namical model15) as a method of incorporating polarisability
into a molecular dynamics simulation with the shell masses
varying as 3.5 %, 8.3 %, 17.12 % and 12.5 % of the atomic
mass of Pb, Ti, Zr and O, respectively. We used relatively
large 20 × 20 × 20 super-cells (80 000 core and shell par-
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2ticles). Each composition was equilibrated at 100 K for 40
ps, followed by application of an electric field along the polar
axis. The direction of the polar axis depends on the composi-
tion of Pb(ZrxTi1−x)O3 and was taken as [001] for PZO, [111]
for the Zr content from 0.95 to 0.50, and as [001] for x>= 0.4
. The strength of the applied electric field was 0, 5, 10, 15, 20,
25, 50, 75, 100 MV/m. We used a 0.2 fs timestep and NST en-
semble with the Nosé-Hoover thermostat (0.01 ps) and baro-
stat (0.5 ps) for equilibration of individual systems during 8
ps. The equilibration was followed by a 12 ps production run
over which the polarisation value was calculated.
To study the electrocaloric effect we used the indirect
method, where the change of temperatures were calculated
from Maxwell related expression:
∆T =−
E∫
0
TV
Cp,E
(
∂P
∂T
)
E
dE, (1)
Here, E is the applied electric field, T is the temperature, V
is the volume of the simulation cell and Cp,E is the heat ca-
pacity per cell under constant electric field and pressure. We
calculate the ECE change of temperature (∆T ), by integrating
equation (1) numerically. The values of Cp,E were calculated
as the derivative of the total energy with temperature ( ∂Etot∂T )
at a given value of electric field, E and are in agreement with
experiment 16 (See Supplementary Information).
The temperature and field dependence of the electrocaloric
change in temperature, ∆T , were calculated for FE PTO via
expression eq. (1) ( see Supplementary Information Fig. 1a.)
A characteristic dominant peak at 650 K (the PTO Curie
temperature reproduced by our force field) moves towards
higher temperatures for larger applied electric fields, typical
for ferroelectrics10. The magnitude of electrocaloric effect
calculated for PTO is good agreement with similar method
computations for LiNbO3 that gives 17 K at applied 50 MV/m
field versus 16 K in our computations for PTO10.
The morphotropic phase boundary (MPB) is found in a nar-
row compositional range around x=0.5, where the FE phase
with rhombohedral symmetry transforms to the tetragonal
phase. It is now known that there is a monoclinic transition re-
gion between the rhombohedral and tetragonal phases 17. We
found that the electrocaloric effect in FE Pb(ZrxTi1−x)O3 with
x = 0.5 and 0.7 exhibits very similar behaviour. The peaks of
∆T broaden, which reflects the B-site cations disorder and re-
duction of the correlation length in the material18 (See Fig.
1a, b and Supplementary Information, Fig. 1b, c). The ∆T
curves peak above Tc with increasing electric field (Fig. 1b),
similar to what was computed for LiNbO310.
The transition boundary between AFE and FE phases in
Pb(ZrxTi1−x)O3 has been shown to exist within a composition
region around x=0.95-0.94. It is challenging to identify the
precise composition of the transition region between AFE and
FE phases experimentally, due to purity of the samples, com-
position variance, especially for solid solution materials, and
the presence of surface effects that may stabilise the FE phase.
The force field used in this work is able to reproduce the com-
position induced AFE-FE phase boundary, but the model gives
FIG. 1. Polarisation and EC temperature change with temperature
and different applied electric fields for a), b) PbZr0.5Ti0.5O3, c), d)
PbZr0.9Ti0.1O3 and e), f) PbZrO3.
a boundary wider than seen experimentally – we find compos-
ites with x>0.8 exhibit antiferroelectric properties13. Further,
we have performed calculations of the electrocaloric proper-
ties for several of the AFE PZT compositions with x of 0.9,
and 1 (PbZrO3), while the result for 0.85, 0.95 are given in
Supplementary Information.
We found that the electrocaloric response of AFE’s is very
different to that of the FE systems. In AFE’s the applied elec-
tric field causes Tc to decrease (Fig. 1c-f, SI Fig. 2), whereas
ferroelectric materials show the opposite tendency. A com-
mon feature of all studied AFE PZT is a negative-to-positive
crossover that varies with temperature and composition. Posi-
tive values of the EC ∆T are related to the reduction of isother-
mal entropy. In classical FE’s this is related to the drop of
macroscopic polarisation with rising temperature. However,
in AFE’s the polarisation may exhibit an opposite behaviour,
i.e. increasing with rising temperature under applied field.
This occurs simply because the applied field favours net polar-
isation and dielectric susceptibility then increases with tem-
perature. The latter results in negative change of isothermal
entropy, and reverse electrocaloric effect (See SI).
PZO does not exhibit a macroscopic polarisation at zero
field, as expected for an AFE. Applied electric field induces
a polarisation that increases up to the critical temperature, Tc,
and then falls with further temperature rise (see Fig. 1 e, f).
However, the induced polar state of PZO at an applied field
of 100 MV/m is only 18 µ C/m2, which is 40 % lower than
3that of PTO. Ferroelectrics can also show negative ECE origi-
nated from polarisation rotation, where the polarisation along
the field direction increases with temperature due to approach-
ing phase transition 11,12 Calculated behaviour of ∆T for PZO
exhibits a crossover from negative to positive values in the
vicinity of Tc as shown in Fig. 1f. For applied electric fields
<50 MV/m the EC change in temperature exhibits negative
values below Tc (at T=250 K the values of ECE are -0.7 K
with applied field of 25 MV/m ).
At zero applied field AFE PZT (x=0.95, 0.9, 0.85, 0.8)
shows zero macroscopic polarisation, but local dipoles, as will
be shown later, form competing AFE and FE domains. Ap-
plication of an electric field enhances the polarisation, which
reaches its maximum at temperatures of 400 K, 350 K and 300
K characteristic for each composition with x=0.85, 0.90, 0.95,
respectively (Fig. 1c, d, SI Fig. 2b, c, d).
The electrocaloric response of studied AFE’s is charac-
terised by the negative-to-positive crossover. In PZO the EC
∆T changes its sign once, whereas AFE PZT exhibits more
complex EC behaviour.
We have found that, in general, the EC effect in FE and AFE
Pb(ZrxTi1−x)O3 with x > 0 is smaller compared to the pure
FE PTO (22.01 K at 100 MV/m of applied field (See SI Fig.
2a)), but at lower temperatures and, thus, more usable under
ordinary conditions. At the AFE-FE boundary an enhanced
caloric response comparable to MPB PZT. The smallest EC
response is observed in the pure AE PZO of about 5 K at 100
MV/m of applied field. The AFE PZT with x = 0.8 exhibits
the EC effect of 6.1 K at a similar field (See SI, Fig. 1). Mean-
while, PZT with x=0.95, 0.9 exhibit values of EC ∆T of about
10 K (SI Fig. 2), which is comparable with the EC response
of MPB PZT at similar stimuli.
To understand the origin of the giant EC effect and
negative-to-positive crossover at the AFE-FE phase boundary
we analysed the evolution of local dipoles in response to ap-
plied fields. We found that an AFE system may adopt complex
dipole arrangements with a variety of possible states, such as
dipole FE order, dipole disorder, and various AFE dipole ar-
rangements characterised by zero macroscopic polarisation.
In particular, at small applied fields and low temperatures
the AFE PbZr0.95Ti0.05O3 exhibits a dynamically stable 2×1
pattern (Fig. 2a). Here, the local dipoles are arranged as an-
tiparallel double pairs along X cartesian direction, and single
antiparallel arrangement along Z axis (See directing arrows
in the inset of Fig. 2a). At higher temperatures the order of
local dipoles changes to a 1×1 pattern, where single antipar-
allel dipoles are alternating with the sites of dipole disorder
(Fig. 2b). Increasing the applied field to the critical value of
25 MV/m leads to the rotation of local dipoles, so the system
turns into an induced polar FE state.
Increasing the Ti content leads to stabilisation of a zig-zag
pattern of AFE local dipoles (Fig. 2c). Here, the local dipoles
are arranged into antiparallel pairs. As the field increases
the system develops competing AFE and FE domains, with
widths which correlate with the strength of applied field. The
critical field of 50 MV/m switches the system to an induced
polar FE monodomain state.
Higher Ti content in PbZr0.85Ti0.15O3 increases the correla-
tion length of the material,18 which leads to the formation of
stripe ordering, with AFE dipole arrangement alternating with
FE stripes (Fig. 2d).
FIG. 2. Gradient colour plot of projected local dipoles on XZ plane:
a) AFE pattern in PbZr0.95Ti0.05O3 at T=100 K and zero field. Se-
lected area exhibits 2× 1 pattern of local dipoles arrangement as
shown in enlarged scheme with black arrows; b) AFE pattern in
PbZr0.95Ti0.05O3 at T=300 K and applied E=5 MV/m. Selected area
exhibits 1× 1 arrangement of local dipoles; c) stripe AFE-FE local
dipoles arrangement in PbZr0.85Ti0.15O3 at 100 K and E=5 MV/m;
d) zig-zag-like AFE local dipoles arrangement in PbZr0.9Ti0.1O3 at
T=100 K at zero field.
We suggest that the nature of giant EC temperature change,
∆T , in AFE PZT is related to the formation of competing AFE
and induced FE orders that respond easily to applied fields
and temperature. In ferroelectrics the configurational entropy
is related to the order maintained by a dipolar system. In the
absence of the applied field the change of polarisation with
temperature, δPδT , is relatively small, except the vicinity of
the critical temperature, where this value is large. Thus, the
maximum of EC ∆T in ferroelectrics occurs when the system
switches from FE to PE.
An AFE system may adopt complex configurations with a
variety of possible dipole states - as dipole FE order, dipole
disorder, and various AFE dipole arrangements with zero
macroscopic polarisation (as shown in Fig. 3, where the sys-
tem maintained 2×1, 1×1 patterns). We suggest that in AFE
systems the change from AFE to FE order happen via a se-
quence of local minima with a partially preserved AFE order
and the formation of competing AFE and FE domains.
We assume that at applied field the aligned dipole config-
urations may became more advantageous to anti-polar con-
figurations. This leads to destabilisation of anti-aligned ar-
rangements of local dipoles in an AFE material leading to
their partial, or complete alignment, and, consequently forma-
tion of competing antiferroelectric and induced ferroelectric
domains. The transition process may happen through initial
canting as proposed in ref. 7, and follows complete rotation
similar to the mechanism proposed for FE’s in ref. 12.
In bulk PZO the change of polarisation δPδT , is relatively
4small (SI Fig. 2), because our system is free of defects, and
grain boundaries and electrode contacts. Thus, each local
dipole has to overcome a barrier for rotation. However, in
AFE Pb(ZrxTi1−x)O3 the presence of different types of B-site
cations increases the configurational entropy of the system,
and supports multiple domain configurations. The Ti sites
act as nucleation centres for the FE phase, facilitating fast re-
sponse of local dipoles to applied electric fields. At the AFE-
FE phase boundary the concentration of Ti centres is such that
there are no FE ordered regions in the absence of an applied
electric field, however, the application of an external electric
field gives rise to FE ordering, which competes with the AFE
order (FIG. 3d). The maximum of EC ∆T in AFE compos-
ites occurs when the system switches to an induced polar FE
monodomain.
We have studied the electrocaloric effect in PZT using
molecular dynamics simulations with shell model forces
fields. Our results show giant electrocaloric effects for FE
PTO, in good agreement with similar calculations performed
for FE LiNbO310. We found a crossover from negative to pos-
itive EC temperature change for all studied AFE PZT. The
crossover temperatures correlate with composition, which we
believe to be related to the correlation length increase in the
material18. We have found that compositions close to the
AFE-FE boundary of PZT exhibits an enhanced caloric re-
sponse, comparable to that of MPB PZT but with the maxi-
mum EC temperature change occurring at temperatures closer
to ambient temperatures. Our methodology allows to to in-
vestigate the details of the polarisation response at an atom-
istic level. Close to the AFE-FE boundary we identified com-
plex dipole configurations, with competing FE and AFE do-
main patterns. We postulate that the small energy barriers as-
sociated with growing/ reducing these domains are responsi-
ble for the easy response of the polarisation to the applied
field and temperature and, hence, for the enhanced calorific
response. Despite the high EC response, the critical temper-
ature in many ferroelectric materials is considerably higher
than room temperature, which substantially limits the poten-
tial for the application in solid-state devices. We have found
that AFE PZT exhibits extrema of EC ∆T close to room tem-
perature, in the range 300-400 K. In addition, solid solution
Pb(ZrxTi1−x)O3 offers great variability in critical tempera-
tures and in ECE magnitude, which allows for compositional
engineering of materials for electrocaloric applications. In
summary, our findings suggest pathways for tuning the op-
erating temperatures of ECE devices and find solutions for a
broad range of operating conditions.
SUPPLEMENTARY INFORMATION
We show calculated heat capacity, and isothermal change
of entropy in AFE and FE Pb(ZrxTi1−x)O3. We also calcu-
lated electrocaloric effect in FE PbTiO3, FE PbZr0.7Ti0.3O3,
together with polarisation and electrocaloric temperature
change in AFE PbZr0.95Ti0.05O3, and AFE PbZr0.85Ti0.15O3.
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Supplementary Information
Giant electrocaloric effect at the antiferroelecrtric-to-ferroelectric phase
boundary in Pb(ZrxTi1−x)O3
A. Calculated specific heat capacity
The values of specific heat capacity, Cp,E , for studied PZT
systems were calculated as the derivative of the total energy
with temperature ( ∂Etot∂T ) at a given value of electric field, E,
estimated as the slope of the linear fit to the total energy (Etot )
versus T . The calculated Cp,E values show good agreement
with the Dulong-Petit limit of 3kB/atom for crystals. Our core-
shell force field systematically underestimates the Curie tem-
perature, thus, the peaks of heat capacity curves are shifted
towards lower temperatures with respect to the experimental
values 1–3.
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FIG. S1. Specific heat capacity calculated (open circles) for
(a) PbTiO3, (b) PbZrO3, (c) PbZr0.9Ti0.1O3, (d) PbZr0.5Ti0.5O3,
(e) PbZr0.95Ti0.05O3, (f) PbZr0.85Ti0.15O3 and experimental values
(open squares and open diamonds) 1–3.
B. Calculated polarisation and electrocaloric temperature
change in AFE PbZr0.95Ti0.05O3, and AFE PbZr0.85Ti0.15O3
Polarisation in AFE PbZr0.95Ti0.05O3, and AFE
PbZr0.85Ti0.15O3 composites shows non-monotonic be-
haviour with critical field of 25 and 50 MV/m that turn the
materials into monodomain at 300 and 400 K, respectively.
Calculated electrocaloric change in temperature for these
AFE materials shows complex behaviour that related to
domain competition.
C. Calculated electrocaloric effect in FE PbTiO3, FE
PbZr0.7Ti0.3O3, and AFE PbZr0.8Ti0.2O3
Calculated electrocaloric change in temperature for FE
PbZr0.7Ti0.3O3 shows positive values similar to the behaviour
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FIG. S2. Polarisation (a) PbZr0.95Ti0.05O3, (c)
PbZr0.85Ti0.15O3 and electrocaloric change in temperature in
(b) PbZr0.95Ti0.05O3, (d) PbZr0.85Ti0.15O3 for different tempera-
tures and applied electric fields.
of standard ferroelectric compounds (Fig. S3a). For AFE PZT
compositions, x=0.8 ∆T demonstrates negative-to-positive
crossover (Fig. S3b).
D. Isothermal change of entropy in AFE and FE
Pb(ZrxTi1−x)O3
The isothermal change of entropy, ∆S:
∆S=−
E∫
0
(
∂P
∂T
)
E
dE, (S1)
where P is polarisation vector, T is temperature, E is elec-
tric field. The change of polarisation with temperature
and isothermal change of entropy calculated for AFE PZO,
PbZr0.95Ti0.05O3, PbZr0.9Ti0.1O3, PbZr0.85Ti0.15O3 and, for
comparison, for FE PbZr0.5Ti0.5O3 compounds are shown in
Fig. S4. The FE system (Fig. S4 e and j) is characterised
by small change of polarisation and the positive change of en-
tropy leading to positive values of EC cage of temperature.
Meanwhile, AFE systems (Fig. S4 a-d and f-i) develops a rel-
atively large change of P with non-zero applied fields. Nega-
tive ∆S is related to positive values of
(
∂P
∂T
)
E
, i.e. the increase
of P with temperature.
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